Introduction
Genes of the highly conserved ras family encode small (21 kDa) guanine nucleotide-binding proteins which are involved in the regulation of proliferation and dierentiation (Barbacid, 1987; Lowy and Willumsen, 1993) . Mammals express three ras genes, designated H-, N-and K-ras. While their normal roles are uncertain, mutants of all have been implicated in the pathogenesis of human cancers, where the frequency of activating mutations in each gene depends on the histogenetic origin of the tumor (Bos, 1989) . Notwithstanding possible dierences in carcinogen exposure and susceptibility to mutation, this suggests that the p21 ras proteins may have tissue-speci®c roles. The mammalian ras genes dier in size but are similar in organization (Lowy and Willumsen, 1993) . A 5' untranslated exon (exon 0) is initiated at multiple sites within a GC-rich promoter region which lacks a TATA or CCAAT box, in common with other`housekeeping' genes. There are four or ®ve coding exons, the last of which encodes the heterogeneous C-terminus and the polyadenylation signal. Alternative splicing of a non-homologous ®fth (`IDX') exon between exons 3 and 4 in the H-ras gene may have a regulatory role (Cohen et al., 1989) . As illustrated in Figure 1 , the Kras gene has two alternative 3' exons designated 4A and 4B George et al., 1985; Shimizu et al., 1983) . p21 K-rasA and p21 K-rasB are similar, but dier in the 24/25 C-terminal residues. Post-translational modi®cations of this region (Glomset and Farnsworth, 1994; Newman and Magee, 1993) increase the hydrophobicity and membrane binding of p21 ras , which is essential for its function (Jackson et al., 1994; Willumsen et al., 1984) . Dierences in these modi®cations between p21
K-rasA and p21 K-rasB may result in selective target interactions and coupling to biochemical pathways (Avruch et al., 1994; Hall, 1994) .
The ras genes are expressed ubiquitously with some variation between dierent members in certain cell types. In the mouse, H-ras is expressed at approximately constant levels in both the embryo and extraembryonic tissues, with higher mRNA abundance in bone, kidney, brain and skin post-natally (Leon et al., 1987; MuÈ ller et al., 1982; Slamon and Cline, 1984) . Kras is also expressed ubiquitously at approximately constant levels until day 16 (E16) of embryonic development, when mRNA concentrations decrease . In the adult, K-ras mRNA is most abundant in the gut, lung and thymus (Leon et al., 1987) . Although quantitative tissue-speci®c variations were observed, N-ras also appears to be expressed in all tissues (Leon et al., 1987) . However, N-ras function is not essential, as N-ras 7/7 mice have a grossly normal phenotype (Umano et al., 1995) . This suggests functional redundancy within the ras gene family which may extend to other members. This study sought to de®ne cell-or tissue-speci®c patterns of K-ras splicing which may suggest functional dierences between K-ras isoforms. A sensitive and reproducible assay based upon reverse transcription-polymerase chain reaction (RT ± PCR) was developed to measure the relative abundance of each splicing variant's mRNA. We show that K-ras splicing is dierentially regulated in murine cells. K-rasB is ubiquitously expressed, in common with H-and N-ras. In contrast, K-rasA expression is temporally regulated during pluripotent stem cell dierentiation and early embryogenesis in a restricted pattern which largely persists post-natally. These ®ndings suggest a speci®c role for p21 K-rasA during early embryogenesis and highlight the possibility of non-redundancy in ras gene function.
Results

Product identi®cation
The two murine K-ras RT ± PCR products were identi®ed as K-ras A (687 bp) and K-rasB (565 bp) by subcloning and sequencing. The presence of contaminating DNA was excluded by the failure to detect b-actin pseudogenes and no products were obtained when the reverse transciptase was omitted from the cDNA synthesis.
Assay validation
Previous studies have found very little dierence in the abundance of K-ras transcripts in dierent murine tissues or stages of development (Leon et al., 1987; MuÈ ller et al., 1982) . While we did not quantitate the absolute amounts of K-ras mRNA in the samples, it was important to ensure that the ratio of the K-rasA and K-rasB RT ± PCR products was an accurate re¯ection of the ratio of the corresponding cDNAs. Prelimary experiments identi®ed that the logarithmic phase of the PCR reaction extended to cycle 25, so quantitation employed 20 ± 25 cycles. Since the primer sequences for each product were identical and the size dierence between the products marginal (55%), little dierence in eciency was anticipated. This was con®rmed experimentally by adding to the PCR reaction varying porportions of the plasmids containing the murine K-rasA and K-rasB products ( Figure  2 ). The proportions observed were almost identical to those expected (r 2
40.99).
Tissue-speci®c expression of K-ras mRNA isoforms K-ras expression was analysed in a range of murine adult tissues. While K-rasB was expressed in all tissues examined, K-rasA expression varied widely without exceeding that of K-rasB (Figure 3 ). In the kidney, stomach and large intestine the expression of K-rasA was similar to K-rasB, whereas in the liver it was a minor species. Relatively little expression of K-rasA was found in the other tissues.
Tissue-speci®c expression of K-ras protein isoforms
There were signi®cant dierences in the distributions of K-ras isoforms in the tissues examined, and representative examples are shown in Figure 4 . Since reactivity of the antibodies was lost following ®xation in formalin, assessment of expression was performed on frozen sections. Epithelial surfaces showed consistently higher levels of expression of the K-rasB isoform. This was apparent in epithelia of the oesophagus, stomach, small and large intestine, kidney and lung, as well as in hepatocytes. Skeletal muscle also showed greater staining for the B isoform, the opposite was true of smooth muscle in the gastrointestinal tract, and cardiac muscle was largely negative for both isoforms. Peripheral nerve axons showed staining for both isoforms, whilst neurons, but not glial cells, in the spinal cord and brain showed staining for the B isoform only.
K-rasA induction during early dierentiation
To examine the temporal sequence of alternative splicing of K-ras during early dierentiation, embryonal carcinoma cell (EC cells; PSA4) and embryonic stem cell (ES cells; E14 and HM1) lines were studied. In their undierentiated state all expressed only KrasB, consistent with the analysis of the early embryo ( Figure 5 ). However, all three cell lines showed a signi®cant induction of K-rasA by`dierentiation stage 2' (21+11%, 10+1.2% and 15+2.6% respectively). Figure 3 Representative experiment demonstrating relative expression of alternative K-ras transcripts in a range of murine tissues and cell lines. (Deliberately over-exposed to emphasize absence of K-rasA in negative tissues, and not for quantitation.) Br, brain; Ht, heart; Ki, kidney; Li, liver; Sn, spleen; Th, thymus, Lu, lung; St, stomach; Si, small intestine; Lg, large intestine; N, N1E-115; E, EL4; C, CTLL-2; -ve, negative control 
Alternative splicing of K-ras during development
A detailed analysis of K-ras isoform expression during fetal development was undertaken to determine at what stage in ontogeny the pattern of tissuespeci®c expression is established. The results are illustrated in Figure 5 and summarised in Table 1 . As in the adult, K-rasB is ubiquitously expressed from the earliest stage examined (E9). K-rasA expression is negligible in the yolk sac and embryonic tissues before E12. There was signi®cant and rapid induction of K-rasA in the yolk sac (44% at E12), as combined samples of embryo and yolk sac at E9 had undetectable levels of K-rasA mRNA (data not shown). Caution should be exercised in the interpretation of values 510% which may represent contamination from adjacent tissues. K-rasA was easily detectable (23%) in the gut from E15, becoming a prominent species in the neonatal stomach (30%) and intestines (*50%). While the gut and neonatal liver (30%) correlate well with the corresponding adult tissues, the neonatal kidney expressed much lower levels of K-rasA (15%) than the adult, suggesting the possibility of post-natal induction. In contrast, K-rasA expression in the lungs may be down-regulated post-natally. Neurogenic tissue including the spinal cord, brainstem, cerebrum and eye generally expressed very low, if not undetectable, levels of K-rasA relative to K-rasB. Similar results were obtained in the adult brain.
Discussion
We have developed and validated a RT-PCR assay to examine the pattern of alternative splicing in the murine K-ras gene. While K-rasB was expressed in all cell types and tissues studied, the pattern of K-rasA expression was relatively restricted. Since extraembryonal tissues constitute most of the early conceptus, Kras isoform expression during very early embryogenesis was studied in a range of ES and EC cell lines. Their dierentiation in vitro resembles that of the inner cell mass as it forms parietal or visceral endoderm (Hogan et al., 1983) . Dierentiation of ES and EC cell lines over several days following LIF withdrawal was associated with K-rasA induction, and K-rasA was ®rst expressed in the embryo after E9. Around this time there was rapid induction of K-rasA in certain tissues, whereas others (notably neural tissue) expressed only K-rasB. When the relative expression of K-rasA was compared in prenatal tissues at dierent stages of development after its induction, no signi®cant differences were observed (using the non-parametric Mann ± Whitney test). Nevertheless the possibility of post-natal regulation remains.
H-, N-, and K-ras are all expressed in early mouse embryos, ®rst as maternal mRNAs in oocytes, then as transcripts of the embryonic genome at the 2-cell stage of development (Pal et al., 1993) . Passage through this stage is ras-dependent unless overcome by a downstream activating mutation in raf (Yamauchi et al., 1994) . While some groups found no change in H-or Kras expression in dierentiating F9 EC cells (Lockett and Sleigh, 1987; MuÈ ller, 1983) , others noted a reduction in K-ras mRNA abundance following dierentiation to primitive endoderm in response to retinoic acid (Campisi et al., 1984; Sejersen et al., 1985) . Quantitative analysis of H-and K-ras expression during ontogeny revealed constant mRNA abundance (MuÈ ller et al., 1982) , except for a fall in K-ras in late gestation (MuÈ ller, 1983; MuÈ ller et al., 1983) . Highest levels of K-ras were expressed in developing rat liver around E17 (Yaswen et al., 1985) . These ®ndings may be compared with the stage-speci®c induction of other c-onc genes such as erbA, src (E9), myc (E13) (Slamon and Cline, 1984) and abl (E9), or the suppression of fos at E9 (MuÈ ller et al., 1982) .
In adult mice, all three ras genes were expressed in all tissues surveyed (Leon et al., 1987) . H-ras mRNA was most abundant in brain, skin and skeletal muscle. The patterns of N-and K-ras expression were similar, predominating in the thymus. We have demonstrated that K-rasB is the dominant or only isoform expressed in the thymus and several other organs, but that K- Figure 4 Immunoperoxidase staining of frozen sections from mouse colon (upper row), muscle (middle row) and stomach (lower row). Sections were stained with antibodies against p21 KrasA or p21 K-rasB isoforms. Controls in which the primary antibody was omitted are also shown (N). Epithelium from colon and stomach showed a predominant B isoform pattern of reactivity, while smooth muscle, particularly in the stomach, showed reactivity against the A isoform. Skeletal muscle stained for the B isoform, while peripheral nerves within this tissue (arrows) labelled with both antibodies. Bar represents 100 mm.
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rasA is clearly expressed in the liver, kidney and intestines. We have never observed K-rasA expression to signi®cantly exceed K-rasB. The preferential use of the exon 4B splice acceptor site has been attributed to its closer approximation to the canonical sequence , in both human and mouse. Factors which may in¯uence splice site selection remain to be identi®ed.
One may speculate why this distinctive pattern of K-rasA expression has not been reported previously. While alternative K-rasA transcripts were identi®ed in the cDNA libraries from which the human (SW480 colon and Calu-1 lung carcinoma cells) and murine (Y1 adrenocortical cells) (George et al., 1985) genes were cloned, they were much less abundant than K-rasB. Initial screening of a limited range of human and murine tissues suggested that in each case K-rasB was at least 20-fold more abundant than K-rasA. Our studies of the same cells ( SW480, Calu-1, SK-N-SH, T24, peripheral blood lymphocytes) are broadly in agreement (DJW et al., unpublished data). Subsequent reports have used a restricted range of probes which would not distinguish the K-ras isoforms: HiHi 3 (Campisi et al., 1984; Ellis et al., 1981; Lockett and Sleigh, 1987; Sejersen et al., 1985) , HiHi 380 (Ellis et al., 1981 (Ellis et al., , 1982 Goyette et al., 1984; Yaswen et al., 1985) and pY413 (George et al., 1985; Leon et al., 1987) . Where PCR has been used, primers were chosen within exons 1 and 3 (Pal et al., 1993) . Two transcripts of the K-ras gene are translated into functional p21 K-ras (Ellis et al., 1982) but dier in the 3' untranslated region and poly(A) tail George et al., 1985; McGrath et al., 1983) . The failure to note size heterogeneity even though both contain exon 4A and 4B sequences George et al., 1985) is probably due to inadequate resolution and low expression of the KrasA isoform.
The biochemical and biological signi®cance of alternative K-ras splicing remains to be investigated. It is increasingly clear that post-translational modifications at the C-termini of G proteins in¯uence hydrophobicity, speci®c protein-protein interactions and intracellular localization (Newman and Magee, 1993) . Reversible palmitoylation of p21 K-rasA (Hancock et al., 1989 ) may aord a regulatory mechanism which is not available to p21
K-rasB where a polybasic region provides an ionic second signal for membrane binding (Hancock et al., 1990; Jackson et al., 1994) . The role of the remaining C terminal amino acids encoded by exon 4 which constitute the heterogeneous region is uncertain. While their deletion has little eect on transformation by activated p21 ras (Willumsen et al., 1984) , their high degree of conservation between mouse and man suggests a signi®cant selective pressure on their function. These and other (Carbone et al., 1991) biochemical dierences between the p21 ras proteins may account for the inability of normal H-and N-ras to rescue the embryonic lethal phenotype of K-ras 7/7 mice (Jacks, 1995) . Our ®ndings should stimulate further eorts to distinguish the functions of p21 K-rasA and p21
K-rasB biochemically. Figure 5 Relative expression of alternative K-ras transcripts during ES (HM1, E14) and EC (PSA4) cell dierentiation to`stage 2' (`post dierentiation,' representative duplicate experiments) in vitro and murine prenatal development in vivo. Em, embryo; Br, brain; Hd, head; Ys, yolk sac; Lb, limb; Li, liver; Gu, gut, Ki, kidney; Ht, heart; Lu, lung; Sp, spine, Bs, brainstem; Ey eye; Lg, large intestine, Si, small intestine 
Materials and methods
Tissue sources
Murine tissues were obtained from embryonic and 6 ± 12 week adult Balb/c mice. At least three specimens of each tissue from each developmental stage were analysed. Embryonic samples were dissected every three days from day 9 (E9) post coitum to birth. All tissues were obtained according to ethically approved protocols.
Cell lines
Murine embryonic stem cell (ES cell, E14 and HM1 (Handyside et al., 1989; Magin et al., 1992) ) and embryonal carcinoma cell (EC cell, PSA4 (Martin and Evans, 1975) ) lines were grown in medium supplemented with Leukaemia Inhibitory Factor (LIF) in the absence of feeder cells as previously described (Smith et al., 1988) . For in vitro dierentiation, 2.5610 6 cells were seeded onto a 60 mm tissue culture dish and cultured for 3 days without LIF. Clumps of cells were dislodged and cultured on a layer of 2% agarose (Miles) for about 6 days until cavitation of the developing aggregates were observed. This was de®ned as`dierentiation stage 1'. Aggregates were then harvested by sedimentation under gravity, and seeded onto non-gelatinised dishes. They were cultured as a suspension in supplemented medium with serum but no LIFe for 4 ± 5 weeks. The end of this period was de®ned as dierentiation stage 2'. Additional murine cell lines included: N1E-115 (neuroblastoma) (Amano et al., 1972) , EL4 (lymphoma (TIB 39) and CTLL-2 (T cell, TIB 214).
Target preparation
RNA from cell or tissue samples was prepared according to standard procedures or using the TRIzol kit (Gibco) following the manufacturer's instructions. RNA pellets were resuspended in 50 mL of diethylpyrocarbonate-treated water, cDNA was prepared from 15 mL RNA in a 50 mL reaction containing dNTPs (0.25 mM each, Amersham), 200 ng oligo(dT), 4 U AMV reverse transcriptase, and 2 U RNasin (all Promega). The reaction was performed for 1 h at 428C.
Primers
The murine K-ras primers (forward 5'-GgaattcCGCCTG-CTGAAATGACTGAGT; reverse 5'-CGggatccCGTGTA-CACCTTGTCCTTGACTT) incorporated sites (lower case) for EcoRI and BamHI respectively to facilitate subcloning of the products into pUC 19. An XbaI fragment containing exon 4 was excised leaving exons 1 ± 3 (DraIII ± XbaI) for use as a probe in addition to the subcloned cDNA containing both exon 4A and 4B ( Figure  1 ). The integrity of the samples was checked prior to quantitation using primers to b-actin (forward 5'-TCAC-CAACTGGGACGACATG; reverse 5'-GTACAGGGA-TAGCACAGCCT) which generated a 202 bp product.
Polymerase chain reaction
Reactions (50 mL) were performed using 5 mL cDNA, 0.25 mM dNTPs, 250 ng primers, 1.5 ± 2 mM Mg 2+ and 1 ± 2 U Taq polymerase. The cycle conditions for murine K-ras were: 948C, 1 min; 558C , 1 min for 20 ± 25 cycles including ®nal extension at 728C for 10 min. The cycle conditions for b-actin were: 958C, 1 min; 608C, 30 s; 758C, 30 s for 25 cycles.
Quantitation
The products were electrophoresed in agarose, stained with ethidium bromide, transferred to nylon membranes (Hybond N + , Amersham), and hybridized with the 32 Plabelled probe according to standard protocols. Prehybridization and hybridization were performed at 658C in 66SSC, 5 6 Denhardt's solution, 0.1% bovine serum albumin, 0.1% SDS, 5 mM EDTA, 0.1 mg/ml denatured sheared salmon sperm DNA and 2 mM phosphate buer (pH 6.5). The membranes were washed in 26SCC, 0.1% SDS for 15 min at 258C and 16SSC, 0.1% SDS for 15 min at 658C, with higher stringency washes (0.1 6 SCC) if required. Autoradiographs, taken at dierent exposures to avoid ®lm saturation, were analysed by scanning laser densitometry.
Immunohistochemistry
The expression of p21 K-ras isoforms in murine tissues was determined using anity-puri®ed rabbit polyclonal antibodies against the A and B isoforms (respectively K-ras-2A(C-17) 1:50 and K-ras-2(C-19) 1:100 in 2% bovine serum albumin and Tris-buered saline (BSA/TBS), (Santa Cruz Biotech). Tissues were snap frozen with isopentane in liquid nitrogen, and embedded prior to cryosectioning. After adherence to silane-coated slides and ®xation in cold acetone for 20 min, 5 mm sections were washed thoroughly in Tris-buered saline. Endogenous peroxidase was blocked with 0.1% H 2 O 2 for 5 min. After a further wash the slides were incubated in normal goat serum (1:5 in 2% BSA/TBS) for 20 min. Following incubation with the primary antibody for 1 h at room temperature, the slides were then washed twice in TBS, and incubated for 30 min with a horseradish peroxidaseconjugated goat anti-rabbit antibody (1:50 in 2% BSA/ TBS, DAKO). Colour was developed with diamine benzidine tetrahydrochloride (0.03% in 0.003% H 2 O 2 ), and sections were counterstained with hematoxylin before mounting. The primary antibody was omitted in negative control sections.
